Severe acute respiratory syndrome (SARS), a new, highly contagious, viral disease, emerged in China late in 2002 and quickly spread to 32 countries and regions causing in excess of 774 deaths and 8098 infections worldwide. In the absence of a rapid diagnostic test, therapy or vaccine, isolation of individuals diagnosed with SARS and quarantine of individuals feared exposed to SARS virus were used to control the spread of infection. We examine mathematically the impact of isolation and quarantine on the control of SARS during the outbreaks in Toronto, Hong Kong, Singapore and Beijing using a deterministic model that closely mimics the data for cumulative infected cases and SARS-related deaths in the first three regions but not in Beijing until mid-April, when China started to report data more accurately. The results reveal that achieving a reduction in the contact rate between susceptible and diseased individuals by isolating the latter is a critically important strategy that can control SARS outbreaks with or without quarantine. An optimal isolation programme entails timely implementation under stringent hygienic precautions defined by a critical threshold value. Values below this threshold lead to control, but those above are associated with the incidence of new community outbreaks or nosocomial infections, a known cause for the spread of SARS in each region. Allocation of resources to implement optimal isolation is more effective than to implement sub-optimal isolation and quarantine together. A community-wide eradication of SARS is feasible if optimal isolation is combined with a highly effective screening programme at the points of entry.
INTRODUCTION
In March of 2003, the World Health Organization (WHO) reported the emergence of severe acute respiratory syndome (SARS) (WHO 2003b) , a novel respiratory disease caused by a previously unknown coronavirus, SARS-CoV (Drosten et al. 2003; Peiris et al. 2003; Marra et al. 2003; Rota et al. 2003; WHO 2003c) . The virus apparently evolved from a coronavirus that existed in animals but not in humans (Marra et al. 2003; WHO 2003c) . It is very efficiently transmitted during close person-to-person contact presumably through droplets of respiratory secretions, although its airborne transmission under specific conditions has also been shown to occur (Yu et al. 2004) . Despite identification and rapid characterization of SARSCoV, a rapid diagnostic or screening test for SARS is not yet available. The diagnosis of SARS has therefore been based on the presence of clinical symptoms in conjunction with exposure to a known source of SARS-CoV (the epidemiological contact) (WHO 2003d ) . Individuals meeting these criteria have been referred to as 'probable' cases (WHO 2003d ) . The clinical symptoms of SARS include fever, dry cough and dyspnea, often accompanied by radiographic features of pneumonia (Ksiazek et al. 2003; Poutanen et al. 2003; Tsang et al. 2003) . The symptoms appear after 3-17 days of incubation and most individuals recover within two weeks of illness (Booth et al. 2003; Dwosh et al. 2003) . The disease nevertheless inflicts a high rate of mortality (ca. 15%) especially among the elderly (ca. 50%) (Booth et al. 2003; Donnelly et al. 2003; Ksiazek et al. 2003; Poutanen et al. 2003; Tsang et al. 2003; WHO 2003a) .
SARS, first reported in November of 2002 in the Guangdong province of China, quickly spread across continents, with the highest prevalence in the Asia Pacific region (WHO 2003a (WHO 2003a) , and 2521 probable cases and 191 deaths in Beijing, the hardest-hit city in the world (Ministry of Health, China 2003; WHO 2003a) . Overall, SARS accounted for at least 774 deaths and 8098 infections globally (Lingappa et al. 2004) . Because of its rapid transmissibility across continents and potential to cause large epidemics, the WHO launched a vigorous global campaign to combat SARS. Despite such effort, a definitive treatment, prophylaxis or vaccine against SARS remains elusive. Consequently, isolation of individuals with symptoms of SARS and quarantine of individuals suspected to be exposed to SARS-CoV were adopted worldwide as means to control ongoing and impending outbreaks. Historically, isolation and quarantine of individuals carrying, or suspected to be carrying, infectious pathogens have been effective approaches for containing contagious diseases. However, isolation of individuals with clinical symptoms of SARS, in hospitals or at home, produced mixed results because it was associated with significant new infections in various parts of the world, including GTA where most of all probable cases originated in hospitals involving health-care workers (Booth et al. 2003; Donnelly et al. 2003; Dwosh et al. 2003; MMWR 2003) . Notable factors compromising the optimal isolation of symptomatic individuals may include inadequate hygiene precautions (such as the lack of appropriate protective apparel including face masks and other SARS-specific infection control protocols), variability of incubation period, lack of knowledge of the transmissibility of disease early in the outbreak, and, in particular, the vulnerability of health-care workers. Reports of frequent infection of health-care workers while caring for SARS patients in isolation points to inadequate hygiene precautions as a potential major factor in reversing the impact of isolation. This view is further supported by the fact that a major revision of the infection control protocols and a strict adherence to such protocols were needed to reduce, and eventually eliminate, the incidence of new infections in hospitals. Implementation of these measures led to the eventual elimination of all cases of SARS worldwide by August 2003. This provided optimism for global control of SARS, despite the recent re-emergence of a few new cases in China (CDC 2004; WHO 2004a,b) , which have been successfully contained.
Mathematical modelling can be a useful tool for designing strategies to control rapidly spreading infectious diseases in the absence of an effective treatment, vaccine or diagnostic test. Such modelling has recently been used to assess the epidemic potential and control of SARS in Hong Kong (Chowell et al. 2003; Lee et al. 2003; Riley et al. 2003) , Singapore (Chowell et al. 2003; Lipsitch et al. 2003) , Beijing (Wang & Ruan 2004) , Taiwan (Hsieh et al. 2004) , China (Zhou et al. 2004 ) and in a community in general (Lloyd-Smith et al. 2003) . The nosocomial spread of SARS has been studied using models introduced by Lloyd-Smith et al. (2003) (discrete, stochastic) and Webb et al. (2004) (continuous, deterministic) . To gain an insight into the critical factors associated with the control of SARS in a community and the world, we develop a dynamic model to study the outbreak of SARS and its control in four affected regions, namely GTA, Hong Kong, Singapore and Beijing. The model is described in x 2 and the results of simulations are compared with available data in x 3. Finally, the implications for control methods are discussed in x 4.
MODEL FORMULATION
General mathematical models for the spread of infectious diseases have been described previously (Anderson & May 1991; Diekmann & Heesterbeek 2000; Hethcote 2000) . We develop a variant that reflects some key epidemiological properties of SARS. The model monitors the dynamics of six sub-populations (classes), namely susceptible (S(t )), asymptomatic (E(t )), quarantined (Q(t )), symptomatic (I(t )), isolated ( J(t )) and recovered (R(t )) individuals (figure 1). The total population size is Figure 1 . Schematic flow diagram for the SARS model (2.1)-(2.6). The model consists of six sub populations:
quarantine refers to the separation of SARS-CoVinfected individuals from the general population before development of clinical symptoms, whereas isolation describes the separation of SARS-CoV-infected individuals with such symptoms.
Our model is a system of ordinary differential equations. In practice, some parameters may change in time as control measures are implemented or changed. The theoretical analysis is performed for systems with constant parameters. In numerical simulations, we use parameters that are piecewise constant to approximate time-dependent parameters.
This model offers a basic description of the transmission dynamics of SARS. A full description of SARS should include social network structure, spatial structure and age structure. At least in the initial stage of the outbreak, the network structure is very important, and a stochastic model is probably essential. Once an epidemic has begun, the assumption of homogeneous mixing made in our model is probably a reasonable approximation. Because our model is focused on the long-term control of SARS, a deterministic formulation seems plausible. Although super-spreading events occurred during the early stages of the epidemic, Riley et al. (2003) argue that in Hong Kong the basic reproduction number was large enough that an epidemic would have developed even without super-spreading events. Our model therefore does not incorporate super-spreading events.
Even though a super-spreading event may occur after an epidemic is established, its effect would be a smaller fraction of the epidemic spread. Our approach has been to try to focus on what we believe to be the essentials in formulating a simple model. Because data early in an epidemic are inevitably incomplete and inaccurate, the estimation of many parameters of a detailed model may well produce predictions that are less accurate than those of a simpler model with fewer parameters.
Our model incorporates some demographic effects by assuming a proportional natural death rate l > 0 in each of the six sub-populations of the model. In addition, our model includes a net inflow of susceptible individuals into the region at a rate P per unit time. This parameter includes new births, immigration and emigration. Owing to the continuing inflow of travellers into the community during the SARS outbreaks, and the absence of a rapid and effective screening test, it is assumed that some of these travellers are asymptomatically infected and enter the community at a rate p per day. The parameter p can also model cases of animal-to-human transmission of SARSCoV. Since the estimated value of p is small (see electronic Appendix B), we take p ¼ 0 for the theoretical analysis. However, our numerical simulations allow p > 0. Brauer & van den Driessche (2001) provide analysis of the role of recruitment of infected individuals ( p > 0) on disease dynamics in simple models.
(a) Susceptible individuals: S(t )
The susceptible population is increased by the net inflow (recruitment) of individuals into the region and is decreased by natural death. The susceptible population also decreases following infection, acquired by contact between a susceptible and an infected individual, who may be symptomatic, asymptomatic, quarantined, or isolated. The transmission coefficients for these four classes of infected individuals are b, e E b, e Q b, and e J b respectively. Here, we use a basic transmission coefficient, b (which models both the infectiousness of SARS and contact rates), with modification factors for asymptomatic (e E ), quarantined (e Q ), and isolated (e J ) individuals.
Although SARS-CoV is believed to be transmitted exclusively by symptomatic individuals, a very low rate of transmission by asymptomatic individuals cannot yet be ruled out. The model accounts for this possibility by employing the modification parameter e E , where 0 6 e E < 1. The modification parameter e Q > 0 accounts for varying levels of hygiene precautions during quarantine and a similar interpretation is given to the modification parameter e J during isolation. Because the quarantine and isolation programmes and hygiene precautions during quarantine and isolation were implemented and enhanced progressively after an outbreak, the transmission coefficients e Q b, e J b, quarantine and isolation rates could be modelled as time-dependent parameters in simulations.
The pair e Q b, c 1 may be viewed as control parameters in the implementation of a quarantine programme and the pair e J b, c 2 may be viewed as control parameters in the implementation of an isolation programme (see parameters c 1 , c 2 in electronic Appendix B). Furthermore, the interaction between susceptible and infected individuals (asymptomatic, symptomatic, quarantined or isolated) is modelled using 'standard' mixing incidence (Anderson & May 1991; Diekmann & Heesterbeek 2000; Hethcote 2000) , in the context of the total population. The rate of change of the susceptible population can be represented by the following equation:
Asymptomatic individuals have been exposed to the virus, but have not yet developed clinical symptoms of SARS. Such individuals arise as a result of the undetected entry of infected individuals into the community (at a rate p ) and new infections of susceptible individuals. The population is diminished by quarantine (at a rate c 1 ), development of clinical symptoms (at a rate j 1 ) and natural death. The parameter c 1 represents the rate of quarantining of people who have been in contact with an infected individual. Thus,
(2:2) (c) Quarantined individuals: Q(t ) These are asymptomatically infected individuals who are quarantined at a rate c 1 because of established epidemiological contact with a source of SARS-CoV. For simplicity, we assume that all quarantined individuals are asymptomatic infectives who will go on to develop symptoms and then move to the isolated class. It would be more realistic to assume that some uninfected individuals are also quarantined, but this would complicate the model substantially and would require the addition of several parameters and compartments. In effect, the error introduced by our simplification is to leave in the susceptible population some people who are actually in quarantine and thus are making fewer contacts. The population is diminished by development of clinical symptoms (at a rate j 2 ) with transfer to the isolated class and natural death. Thus,
The symptomatic population is generated after the development of clinical symptoms of SARS by members of the asymptomatic class. It is diminished by isolation (at a rate c 2 ), by disease-induced death (at a rate d 1 ), recovery (at a rate r 1 ) and natural death. It is assumed that c 2 , the rate at which symptomatic individuals seek medical attention and are therefore put into isolation, is greater than c 1 , the rate at which asymptomatic individuals go into quarantine. Thus,
These are individuals who have developed clinical symptoms and have been isolated, for example, by hospitalization. These come from both the symptomatic class (at rate c 2 ) and from the quarantined class (at rate j 2 ). This population is diminished by recovery (at a rate r 2 ), diseaseinduced death (at a rate d 2 ) and natural death. It is assumed that d 1 > d 2 and r 2 > r 1 , because isolated individuals are likely to receive a partly effective, experimental, anti-viral treatment (such as Ribavirin; Booth et al. 2003; Lee et al. 2003) during hospitalization. Thus,
It is assumed that recovered individuals possess lasting immunity against SARS although so far this has neither been established nor contradicted. Symptomatic and isolated individuals recover from the disease at rates r 1 and r 2 ; respectively, and this population is diminished by natural death. Thus,
It can be shown (by defining an associated positively invariant region) that for non-negative parameters, the model (2.1)-(2.6) with non-negative initial values is well posed both mathematically and epidemiologically. The basic reproduction number (R 0 ) is defined as the expected number of secondary infections produced by an index case (Anderson & May 1991; Diekmann & Heesterbeek 2000; Hethcote 2000 ). The index case for an outbreak refers to the first infected individual introduced into a population of susceptible individuals. The basic reproduction number is an important epidemiological threshold and can be calculated using the next generation matrix (Diekmann & Heesterbeek 2000; van den Driessche & Watmough 2002) . In a deterministic model, if R 0 < 1 an epidemic cannot develop from a small influx of SARS-infected individuals but an epidemic will develop if R 0 > 1. By contrast, an epidemic is not guaranteed in a stochastic model if R 0 > 1, but the probability of an epidemic increases with R 0 .
We will follow the convention that the basic reproduction number, R 0 , is defined in the absence of control measures and introduce the control reproduction number, R c , to denote the reproduction number when control measures are in place. We calculate R c in the same way as we calculate R 0 but using the full model with quarantined and isolated classes. Thus, R 0 is R c with c 1 ¼ c 2 ¼ 0. For the model (2.1)-(2.6) with p ¼ 0, it can be shown (by linearizing the model around the disease-free equilibrium) that
where
In electronic Appendix A, we provide interpretations of the reproduction numbers, and electronic Appendix B contains estimates of the model parameters.
RESULTS
We begin with some estimates of the dependence of the reproduction numbers on parameters. Note that these dates do not correspond to the dates of new policy implementation, but to an average between its start and full effectiveness. The values of the parameters P, p, e J and b generally differ for each of the four regions (see caption to figure 2). It should be noted also that all parameters, except e E ,e Q and e J , have units of per day.
With the above choices of parameter values for GTA and P ¼ 136, p ¼ 0:06, but with b , e E , e Q and e J left unspecified, we obtain R c % b ð0:92 þ 5e E þ 4e Q þ 21:18e J Þ. This indicates that R c is much more sensitive to changes in the factor e J than to changes in e E , e Q . Thus, the model predicts that a reduction in the effective contact rate of isolated members of the population (e J ) has a larger payoff than a reduction in the effective contact rate of quarantined members (e E , e Q ). For instance, a reduction of e J from 0.3 to 0.2 (using e E ¼ e Q ¼ 0, b ¼ 0:2 in both cases) would decrease R c from 1.46 to 1.03 (see also figure 3c ).
Numerical simulations (figure 2) using the aforementioned parameter values, together with the choices of b and e J that give the best fit with observed cumulative deaths data, give the following results. The values for R 0 and R c for each of the four regions are given below, where the numbers in parenthesis represent R c values when isolation measures are enhanced to stringent levels (i.e. (Lee et al. 2003; Riley et al. 2003) , which are accounted for in our study by using estimated numbers of cases as initial conditions on 1 March. Although these clusters were reported at the end of March, it is assumed that using the numbers generated during the super-spreading events as initial conditions (on 1 March) would compensate for the absence of explicit formulation for super-spreading events in our model. Other parameter and initial values are P ¼ 221,
) Singapore, where the outbreak is assumed to begin on 23 February. Here, P ¼ 136,
) Beijing, where the outbreak is assumed to begin on 15 February. Other parameter and initial values are P ¼ 408,
The reported case mortality in Beijing is lower than that of the other SARSaffected regions we considered (see Wang & Ruan 2004) . Thus, we use r 1 ¼ 0:0413, r 2 ¼ 0:0431, d 1 ¼ 0:0055 and d 2 ¼ 0:0041. It is worth pointing out that the increase in the number of cases for Singapore (g) is due to our use of linear interpolation of the data owing to the changes in data reporting by the WHO (from providing day-to-day numbers to bi-monthly figures towards the end of July).
worth stating that the estimates we obtain for e J and b cannot be reliably used to compare control methods between cities for two reasons: b and e J have nearly equal and opposing effects on the incidence rates, and the data do not allow independent estimates of their values. In particular, it is expected that the assumption that e J ¼ 0 before 20 April 2003 leads to underestimates of the initial value of e J and overestimates of the true value of b for each city. Thus, the differences in our estimates may be more a reflection of the reliability of this assumption for each city.
These R 0 values are slightly higher than some of the reported R 0 values such as R 0 in the range 2.2-3.6 (Lipsitch et al. 2003), 2.7-3.4 (Riley et al. 2003) , and R 0 ¼ 2:73, R c ¼ 1:2 (Chowell et al. 2003) . Actually, Chowell et al. give R 0 ¼ 1:2, but what they calculate is R c in our terminology, and their parameter values give R 0 ¼ 2:73. It should be noted that the estimate for Hong Kong (Riley et al. 2003) excludes the contribution of super-spreading events. In any case, our estimates should be viewed as illustrations. This is especially significant for R 0 , which is undoubtedly strongly dependent on social networks and stochastic considerations, which are not incorporated in our model. As highlighted by Lipsitch et al. (2003) , Lloyd-Smith et al. (2003) and Riley et al. (2003) , realistic estimation of R 0 from initial data is difficult.
At the beginning of the outbreak, the values of R 0 for GTA, Singapore, and Beijing are approximately equal, whereas that for Hong Kong is slightly smaller. Overall, this indicates that all four regions displayed similar transmission dynamics and had similar levels of susceptibility to SARS. After the start of quarantine and isolation (but before strict hygienic measures being put in place), our results suggest that the value of R c is comparable in the GTA, Singapore and Hong Kong (R c ¼ 1:08 to 2.8), but our estimate for the value in Beijing is substantially higher (R c ¼ 4:03). This finding should be interpreted cautiously, however, owing to the limited data available from Beijing, together with possible inaccurate and/or underreporting of probable cases (see reports cited in Wang & Ruan (2004) ). Once an isolation programme of symptomatic individuals is in place, subject to strict hygiene measures (so that e J ¼ 0), the estimated values of R c for each region indicate that the spread of SARS was rapidly brought under control, with the values from all four regions being essentially the same (where R c varies between 0.14 and 0.21).
The contour plots of figure 3a,b show the dependence of R c on the quarantine rate c 1 and the isolation rate c 2 for the GTA. The axes for these plots are given as average days from exposure to quarantine (1=c 1 ) and average days from onset of symptoms to isolation (1=c 2 ). In both cases, the contours show that, as expected, the use of anti-SARS control measures (increasing c 1 and c 2 ) reduces the control reproduction number R c (and, therefore, SARS cases and mortality). With the remaining parameters set as for the GTA, and with e J ¼ 0:36, quarantine and isolation are insufficient to control an outbreak (see figure 3a) . With these parameter values, as c 1 increases from 0 to þ1, R c decreases from 1.83 to 1.59. Similarly, when c 2 increases from 0 to þ1, R c decreases from 3.19 to 1.58. Thus, R c > 1 in both cases, and the disease will persist in the population (i.e. the above control measures cannot lead to effective control of the epidemic). By contrast, our study shows that with a perfect isolation programme (so that e J ¼ 0), the outbreak can be controlled with isolation alone (see figure 3b ). Calculations show that with c 1 ¼ 0, R c < 1 if c 2 > 0:16. It follows, that with this high value of e J ¼ 0:36, neither the quarantine of asymptomatic individuals nor the isolation of symptomatic individuals can separately control the epidemic. Such control can be achieved by significantly reducing SARS transmission during isolation (i.e. reduced e J ). For example, by plotting R c against e J for the GTA, we find that the critical threshold value of e J needed to make R c < 1 is e J % 0:1927. This shows that unless the isolation programme at GTA is stringent enough to make e J less than the above threshold value, its usage will not only fail to offer effective control of the epidemic, it will also result in further (nosocomial) infections of healthcare workers and other caregivers. Lloyd-Smith et al. (2003) showed that for R 0 % 3 (as reported for SARS in Hong Kong) and the absence of contact precautions in hospitals, a SARS outbreak can be controlled only if isolation reduces transmission by at least a factor of four and the mean onset-to-hospitalization time is less than 3 days. The contour plot of figure 3c shows the dependence of the control reproduction number R c on the modification factor e J and the average days from onset of symptoms to isolation (1=c 2 ) for the GTA parameter values (note that c 1 ¼ 0:1). It is worth noting that since the transmission parameter b is a product of the transmission probability per contact and the rate of contacts, it follows that the modification factor e J (for the transmission coefficient of isolated cases) also combines reductions (or increases) in transmission probabilities and contact rates during isolation. The efficient detection of SARS-infected individuals at points of entry into a community is a daunting task because of the lack of reliable virus-or symptom-based screening tests, human errors and the existence of unregulated points of entry. Thermal screening of passengers at transportation terminals has proven only partly effective. Our results suggest that, unless marked improvements in screening effectiveness were made, changes in protocols at points of entry would probably have had minimal effect. For example, if screening had been perfect throughout the entire duration of the epidemic in the GTA (after the first travellers brought SARS to Canada in February 2003), the cumulative deaths would have decreased by only five individuals; from approximately 38 to 33 (figure 4a). Thus, apart from the obvious benefits that strict screening might have had for preventing an outbreak initially, once the outbreak in the GTA began, better screening would have had a relatively minor impact on the epidemic's progression.
The timely implementation of isolation is essential in limiting the impact of SARS outbreaks. Simulations based on no undetected entry of infected individuals into the population p ¼ 0 ð Þshow that increasing the time between the onset of an outbreak and the implementation of quarantine and isolation causes an accelerating rise in cumulative deaths (figure 4b). For example, using the parameter and initial values for GTA (figure 2a,e), our simulations show that a delay of only five extra days in the implementation of quarantine and isolation in GTA would have led to approximately 16 additional deaths. Using a stochastic model with R 0 % 3, Lloyd-Smith et al. (2003) also showed that delays between the onset of an outbreak and the implementation of control measures are detrimental. Finally, we examine how variation in the effectiveness of quarantine and isolation affects the final outcome of the epidemic, by determining the cumulative deaths that would have occurred in the GTA, for different rates of quarantine and isolation (figure 5). It can be seen that both quarantine rate and isolation rate have a pronounced effect on the final outcome of the epidemic. Our simulations that mimic the actual outcome in the GTA are based on an assumption that the average time until isolation of a symptomatic individual is 2 days, whereas the average time until the quarantine of an asymptomatic individual is 10 days (the white dotted lines in figure 5 ). For these values, it can be seen that alterations in the rate of isolation have a stronger effect than alterations in the rate of quarantine. If the isolation rate were any lower, however (for example, an average of 10 days before isolation) then alterations in the rate of quarantine can have an equivalent or even greater effect than alterations in the rate of isolation. These results point to the conclusion that both isolation and quarantine are important, and quite effective, means for controlling The effect of the timing of implementation of quarantine and isolation on the cumulative number of deaths once SARS has been eradicated for the GTA. As with other results, we assume that strict hygiene measures were put into place three weeks after implementation of quarantine and isolation.
the spread of SARS. They also illustrate, however that if limited resources are available for investment in these two strategies, then investing all resources in one of them only can yield a better outcome than investing partly in both. This is reflected by the fact that a decrease in either time to quarantine or time to isolation yields the greatest reduction in cumulative deaths when the control parameter in question (i.e. time to quarantine or time to isolation) is already small relative to the other control parameter (figure 5).
DISCUSSION
Unlike influenza, which is also transmitted through droplets of respiratory secretion (and easily spread non-nosocomially), the transmission of SARS has largely been nosocomial in every region, despite the evidence for airborne transmission of the disease under some environmental conditions. The key factors contributing to the rapid global spread of SARS include a flurry of nosocomial infections during the isolation of SARS patients despite pre-SARS standard infection control practices, rapid pace of international travel, and the virtual absence of any prior immunity. In keeping with these facts, we develop a relatively simple compartmental deterministic model to study the transmission dynamics and control of SARS. The model incorporates many essential elements of SARS transmission but not the heterogeneity of contacts (caused by spatial considerations and age structure) that are also known to influence disease spread to some extent. The model reasonably mimics the outbreaks in geographically distinct regions, supporting the notion that simple models can be used to provide insights into the dynamics and control of an epidemic in progress.
Our model predicts that isolation of individuals with symptoms of SARS, under stringent hygiene precautions, can lead to effective control in a community and may even eradicate the disease (where all infected components of the model become zero) provided there are no undetected new admissions of SARS-infected individuals. SARS eradication therefore hinges upon (i) implementation of optimal isolation of SARS patients under stringent hygiene precautions; (ii) the ability to detect infected individuals at points of entry; and (iii) the lack of new SARS-CoV transmission to humans from animal sources. The first measure raises the value of c 2 while decreasing e J to values close to zero, thereby halting the spread of SARS during an outbreak. The last two measures, by contrast, reduce the recruitment parameter p to values close to zero.
The study shows that the size and duration of an outbreak can be greatly influenced by the timely implementation of the isolation programme. Although a delay in the implementation of the isolation programme indiscriminately endangers the population at large, its timely implementation with stringent hygiene precautions alone is sufficient to control SARS in a community in the absence of a preventive vaccine or prophylactic drug (figure 4b).
The success of an isolation programme is subject to the implementation of stringent hygiene precautions (modelled here by e J ) to prevent the incidence of nosocomial transmission of SARS to health-care workers and other caregivers. In GTA, for instance, we estimate a value of e J % 0:1927 to be the critical threshold below which R c becomes less than unity, leading to effective control of SARS. By contrast, an approximate twofold rise in the threshold value (to e J ¼ 0:36), under the same conditions, increases R c to 1.7, resulting in new nosocomial infections during the isolation programme. A secondary deleterious effect of nosocomial infections may result from a reduction in the availability of health-care workers, which has not been considered in the current study.
During the early stages of the outbreak, the isolation of SARS patients in hospitals led to numerous new cases of SARS infection despite the implementation of pre-SARS standard infection control practices that have proven highly effective in controlling the spread of other microbial diseases. As a result, every affected region recorded many more new cases of infection within hospitals than outside hospitals and the new cases were largely confined to healthcare workers and other caregivers. The standard pre-SARS infection control practices, although sufficient in controlling other infectious diseases, were unable to control SARS, presumably because of a lack of knowledge of the mode and transmissibility of SARS-CoV and the absence of anti-SARS immunity in the population. A major revision of the infection control guidelines and strict adherence to these guidelines (jointly referred to in this study as stringent hygiene precautions) were necessary to control the incidence of nosocomial infections and eventually control SARS. Timely isolation of SARS patients and the use of stringent hygiene precautions is therefore pivotal to the control of future outbreaks.
A comparison of the relative impact of quarantine of individuals suspected to be exposed to SARS-CoV and of isolation of those diagnosed with the actual disease in GTA reveals that the latter is noticeably more beneficial than the former provided the isolation programme is implemented rapidly (for example, 2 days after the diagnosis of the index case; see figure 5 ). Under such conditions, mass quarantine of individuals suspected to be exposed to SARS-CoV offers only marginal benefit. However, if the isolation is delayed (for example, starting 10 days after the initial outbreak), then quarantine of individuals exposed to SARS-CoV becomes equally, or more, important than isolation. Thus, an indirect benefit of timely implementation of isolation is the reduction of economic burden associated with the mass quarantine programme that removes otherwise healthy individuals away from work and other economic activities. The study further shows that timely implementation of optimal isolation (or quarantine, in the case of a delayed isolation programme) would be a far more effective strategy than implementation of sub-optimal isolation and quarantine combined. It follows, therefore, that in cases where health-care resources are limited, investments in optimal isolation of SARS patients or quarantine (as the situation requires) would yield the most desirable outcome, as opposed to investing partly in both (figure 5). Because the isolation of symptomatic individuals may be relatively easier to implement than quarantining asymptomatic individuals (owing to the absence of efficient screening tests), allocating resources to optimal isolation at the expense of quarantine might be more desirable (figures 3 and 5).
Owing to the ever-increasing pace of inter-regional travel, the model incorporates a parameter p to account for undetected entry of SARS-infected individuals into a community. A rapid (on-the-spot) screening test capable of detecting such individuals at points of entry, in combination with an optimal isolation programme, might prove useful in preventing outbreaks of SARS. However, once an outbreak is underway, our study shows that even the most effective screening will probably have only a marginal effect on the size of the outbreak (figure 4a). By contrast, the eradication of SARS would require the implementation of a reliable and rapid screening test at the entry points in conjunction with optimal isolation, with or without quarantine, provided there is no perinatal or animal-tohuman transmission of SARS-CoV.
Since there have been no reported cases of perinatal transmission of SARS, the prospects of global eradication of SARS appear promising provided there are no new cases of animal-to-human transmission of SARS-CoV (thus, effectively rendering p ¼ 0 globally). If animal-tohuman transmission of SARS-CoV was a one-time event, rather than an ongoing or periodic phenomenon, then the global eradication of SARS is feasible through public health control measures comprising isolation of symptomatic individuals under stringent hygiene precautions, with or without quarantine of asymptomatic individuals. The civet cat has been identified as one of the animal hosts for SARS-CoV-like viruses, possibly including the immediate ancestor of SARS-CoV (Enserink 2003) . The factors associated with the evolution and transmission of these viruses to humans remain unknown. Understanding them is fundamentally important for the control and eradication of SARS in communities where interaction between animal hosts of SARS-CoV (or SARS-CoV-like viruses) and humans occurs normally. The urgency of such understanding is highlighted by the re-emergence of a few new cases of SARS in December 2003 in southern China (CDC 2004; WHO 2004a) . At the present time, neither an epidemiological link between these cases nor their source of exposure has been established. Thus, although we have the ability to control SARS epidemics, its global eradication remains uncertain.
In the wake of an ever-increasing number of travellers between, and within, nations and the emergence of novel infectious diseases, the ability to rapidly contain such diseases in the absence of proven vaccine, diagnostic test, therapy or prior immunity in the population is a challenging but vital public health goal. The current public health threat posed by avian influenza calls for investigation to determine whether or not other novel respiratory diseases can be effectively controlled by basic public health measures such as isolation and quarantine. Owing to possible similarities in the modes of transmission and the absence of prior immunity between SARS and avian influenza viruses, avian influenza may conceivably exhibit transmission dynamics and requirements for control similar to SARS.
